Physical vapor deposition onto rare gas buffer layers leads to the spontaneous formation of clusters. During the thermal desorption of the buffer, these clusters diffuse and aggregate into larger structures, a process known as buffer-layer-assisted growth and desorption assisted coalescence. We studied the effect of buffer thickness and the rate of buffer desorption on the extent of this aggregation for Ag, Au, Cu, Pd, Co, and Ni particles on a solid Xe surface. On the basis of these experiments, results from Monte Carlo simulations and the existing theoretical models for cluster-cluster aggregation, we report for the first time the Arrhenius parameters for nanoparticle slip-diffusion. The effective activation energies range from 0.12 for small Ag clusters (few hundred atoms) to 0.60 eV for ramified Ni islands (millions of atoms), and the giant pre-exponential factors were found to differ by many orders of magnitude. Significantly, the pre-exponential factors follow a Meyer-Neldeltype dependence on the corresponding effective activation energy, with a characteristic Meyer-Neldel energy of 6.9 meV. This energy is associated with the phononic excitations in solid Xe that are responsible for nanostructure mobility. This dependence should be a characteristic feature of nanoparticle diffusion.
I. INTRODUCTION
Nanostructure self-assembly is currently a topic of considerable interest, and insights into the physics underlying the surface mobility of nanoscale particles are especially germane.
1,2 A particularly interesting case of cluster/ nanostructure diffusion on a solid surface is observed during a process known as buffer-layer-assisted growth (BLAG), which was introduced by Huang et al., 3 following earlier work by Waddill et al. 4, 5 In BLAG, atoms are vapordeposited onto thin layers of rare gas solids that have been grown at 20-50 K on a substrate of choice. 6 Clusters form spontaneously due to weak bonding with the buffer. Subsequent warm-up activates cluster diffusion, aggregation, and coalescence on the subliming buffer layer. In this way, nanostructures establish contact by soft-landing on a pristine surface. [7] [8] [9] Their interactions with the substrate can then be examined and their intrinsic properties can be explored. Of interest in this paper is cluster diffusion and aggregation on the buffer layer, with emphasis on the activation energies and pre-exponents for atomically clean nanostructures that may range from compact clusters of a few hundred atoms to extended ramified islands with 10 8 atoms and a characteristic length of up to a few microns.
BLAG was initially utilized to fabricate atomically abrupt metal-semiconductor junctions in studies of Schottky barrier formation. 5, 7 Subsequently, it was discovered that the average size of the nanostructures could be varied over several orders of magnitude by suitable choice of buffer-layer thickness. 3 More recently, it was demonstrated that the fractal (Haussdorff) dimension of ramified islands formed by BLAG is consistent with Monte Carlo simulations of diffusion-limited cluster-cluster aggregation. 10 This suggests that the clusters experience fast Brownian motion.
In a recent study, we focused on the physical origins of BLAG by studying the growth of Au nanostructures on solid Ar, Kr, and Xe. 11 From the normalized size distributions of compact cluster and large fractal islands, we found that the diffusivity scales as the inverse of the island-buffer contact area. This indicates that diffusion is controlled by viscous friction at the highly incommensurate interface. We proposed a simple model for BLAG which qualitatively explained the observed dependence of island density on buffer layer thickness as resulting from competition between the rates of island diffusion and buffer desorption. Our findings also implied that the effective activation energy for diffusion was very weakly, if at all, dependent on the island size. Thus, diffusivity is the product of two terms that depend on the contact area S and on temperature T, D͑S , T͒ = D S ͑S͒D T ͑T͒, where the temperature-dependent part follows the Arrhenius behavior:
Here, d is the effective activation energy of the process, k is the Boltzmann constant, and D 00 is a prefactor independent of size or temperature. This paper focuses on the kinetic parameters for diffusion of compact clusters of Ag and Au and of large ramified islands of Au, Cu, Pd, Co, and Ni. These were chosen because they are representative of the transition metal and the noble metal groups, and all exhibit close-packed structures. Here, Xe is the buffer-layer material, but analogous results would be expected for other weakly binding incommensurate supports. Previously, quantitative analysis of the experimental data on the basis of our model was hindered by several problems: (1) heat released from coalescence that could affect the diffusion rates, 11 (2) fragmentation of small ramified particles, 12 and (3) a lack of theoretical models that could describe the high-coverage regime of aggregation (nondilute limit) where the first two problems do not appear. In the compact regime, as exemplified by Ag and Au, problems (1) and (2) were overcome by limiting the analysis to certain ranges of buffer-layer thickness. To analyze aggregation when the surface coverage was far from the dilute limit, problem (3), we carried out Monte Carlo simulations of twodimensional cluster-cluster aggregation. These simulations made it possible to determine the diffusion parameters for ramified nanostructures of Au, Cu, Co, Pd, and Ni. From this data set, we find relatively large effective activation energies and gigantic diffusion prefactors that follow a MeyerNeldel-type relationship. 13 The calculated Meyer-Neldel energy is comparable to the Debye energy of solid Xe, showing the many-body nature of particle diffusion.
II. EXPERIMENT
The samples were grown in an ultrahigh-vacuum chamber with a typical base pressure Ͻ1 ϫ 10 −10 Torr. The substrates were 20-30 nm thick amorphous carbon (a-C) films supported on copper grids. A closed-cycle He refrigerator was used to cool the samples to 20 K, and the temperature was measured with a AuFe-Chromel thermocouple. Growth of the buffer layer occurred when Xe gas was introduced into the chamber to raise the pressure to 1 ϫ 10 −6 Torr. The pressure was monitored with an ion gauge, corrected for Xe sensitivity. The buffer growth rate was estimated from the number of incident atoms per unit time per unit area, namely I = p / ͑2mkT͒ 1/2 , where p is the partial Xe pressure, m is the mass of a Xe atom, T is the ambient temperature, and the sticking coefficient was assumed to be unity.
14 Following buffer-layer formation, the metal atoms were evaporated from tungsten (Ag, Cu, and Au) or Al 2 O 3 -coated tungsten baskets (Co, Ni, and Pd). The impinging adatoms were sufficiently mobile on solid Xe to form clusters, a process favored by weak bonding with the rare gas solid. Though the temperature was ϳ20 K, atom capture by a cluster would release an amount of heat comparable to the material cohesive energy, facilitating atom rearrangement. Sublimation of the buffer was achieved when the cold head was warmed, and cluster aggregation occurred during this time. With a resistive heater mounted between the samples and the refrigerator head, we could control the warm-up rate ␤. The new results presented here were for ␤ between 0.05 and 2.75 K min −1 . The results of Huang et al. 3 for very small Ag nanostructures were obtained from samples that were physically removed from the cold head. In that case, the particle densities were obtained in situ with a scanning tunneling microscope (STM) at room temperature.
Characterization of the samples grown here was done after their transfer to a Philips CM12 120 kV transmission electron microscope (TEM). Imaging was done in the brightfield mode, keeping the beam intensity low to avoid significant changes in nanostructure morphology. The number of nanostructures per unit area was determined directly from the TEM micrographs, where each contiguous structure was counted as a single particle. The samples were stable when stored in air, although the oxidation of the Cu nanostructures was clearly visible in the TEM. No evidence for island coarsening was observed.
III. RESULTS AND DISCUSSION

A. Compact particle aggregation: Dependence on buffer-layer thickness
Recent studies of BLAG by Huang et al. 3 focused on the aggregation of small Ag clusters on a desorbing Xe buffer. Using STM, they showed that the Ag nanostructures formed planar interfaces with Si(111) and that those multilayer structures were stable, with no coarsening at 300 K. In Fig. 1 , we have replotted the cluster density when 0.2 Å Ag was deposited onto Xe as a function of the buffer thickness from Huang et al. For relatively low buffer thicknesses ͑ ഛ 50 ML͒, there is a rapid decrease of density, an effect attributed to enhanced diffusion and aggregation boosted by the heat released from cluster-cluster coalescence. 11 Importantly, the cluster density follows a slower, well-defined power law decrease when the buffer thickness is large ͑ϳ60-2000 ML͒.
Kashchiev 15 provided an analytic solution for the density of aggregating compact crystallites on a surface that is applicable to the low density Ag results, namely
where 0 is a parameter of order 1 that is dependent on ␥, C is related to the average thickness h of the thin film, in the absence of surface wetting, through C =3h /4, t is the total time available for diffusion, D r 0 is the diffusivity of a particle of radius r 0 , and the power ␥ defines the dependence of the total diffusivity on particle radius r,
In previous work, 11 we showed that the diffusivity of nanostructures in BLAG scales as the inverse of the contact area with the buffer. For compact particles, the diffusivity scales as r −2 and ␥ =2. The Kashchiev model excludes any dependence on temperature. In our experiments, however, temperature increases linearly with time during Xe desorption and nanostructure diffusion, and the model must be modified appropriately. For the purpose of our analysis, the temperature dependence on time can be written as T͑t͒ = ␤t, where ␤ is the warm-up rate. Thus, the time in Eq. (2) is intrinsically dependent on the thickness of the buffer layer , which desorbs according to (2), to show that the power ␥ that describes the decay of cluster density increases linearly with the effective activation energy of cluster diffusion d . A more accurate way to determine the particle diffusion parameters is to fit Eq. (2) numerically with the final densities of nanostructures grown on buffer layers of varying thickness, ͗n͑͒͘, for a fixed warm-up rate. Since D r 0 is temperature dependent, as in Eq. (1), it is necessary to replace D r 0 t in Eq. (2), which has the meaning of ͑diffusion length͒ 2 for a particle of radius r 0 , with the integral of Eq.
The numerical fit for in the range 60-2000 ML yields the effective activation energy and the prefactor for diffusion of Ag clusters on Xe, in the dilute limit. In particular, d = 0.12± 0.01 eV and D 00 =5ϫ 10 −3 cm 2 s −1 for a single particle with r 0 = 1 nm. This pre-exponential is comparable in magnitude to the "usual value" of 10 −3 cm 2 s −1 found in atomic self-diffusion on metal surfaces. 17 Thus, compact nanostructures of Ag on a highly incommensurate lattice of Xe have small barriers for diffusion and atomiclike preexponentials.
B. Compact particle aggregation: Dependence on the rate of temperature increase
Additional insights into nanostructure diffusion can be obtained by controlling the rate of warm-up, and hence the desorption rate of the rare gas solid, provided the particles are generally compact and large enough that the effect of the heat released from coalescence is negligible. These conditions are satisfied for nanostructures formed by the deposition of 1 Å of Au on Xe buffer layers of ϳ60 ML thickness. The density prior to warm-up is ͗n͘ =2ϫ 10 12 cm −2 and the mean radius of these particles is ͗r͘ = 1 nm. After warm-up at 1.5 K min −1 and soft landing on the a-C support, the density is ͗n͘ =5ϫ 10 9 cm −2 and the still-compact nanostructures have a mean radius ͗r͘ϳ5.5 nm. Since the final density is determined by competition between cluster diffusion, exp͑− d / kT͒, and buffer desorption, exp͑− b / kT͒, it will also depend on the rate of warm-up. If, for instance, d is larger than b , the Xe desorption rate will increase faster than the particle diffusion rate as T increases and the buffer grows thinner. The desorption rate will then dominate, leading to less aggregation and a higher cluster density. The slower the warm-up rate, the more pronounced this effect will be since the buffer will be depleted at a lower temperature. Hence, a reduction in the warm-up rate ␤ is accompanied by increased density if b Ͻ d . The opposite is expected when b Ͼ d , and no dependence on ␤ is expected when the two energies are equal.
The argument presented above can be put on a quantitative basis if we assume that there are no significant changes in the Xe surface structure that accompany changes in ␤. The ratio between the final densities for two experiments, which differ only in ␤, follows from Eq. (2) when D r 0 t is replaced by ͐ 0 t D 00 exp͓− d / ͑k␤tЈ͔͒dtЈ, namely
. ͑5͒
For a given buffer-layer thickness, t͑␤͒ can be determined by numerically solving Eq. (4). Hence, the value of d can be deduced from Eq. (5) if the dependence of density on warm-up rate is known. Figure 2 summarizes the dependence of cluster density on warm-up rate for ␤ ranging from 0.05 to 2.75 K min −1 (the time between the desorption of the first and the 60th monolayer ranged from 180 to 4 minutes, respectively). The density was ͗n͘ =3ϫ 10 10 cm −2 for ␤ = 0.05 K min −1 , but it was much lower, 5 ϫ The transition from compact particles to ramified structures occurs when there is insufficient time to allow a growing particle to assume a compact structure before a new particle arrives. The transition then depends on the energy barriers that control the approach to an equilibrium shape and the size of the particles involved. Our results show the evolution of the diffusing species, both in the compact regime and in the incomplete coalescence regime.
To gain insight into the diffusive properties of nanostructures in the incomplete coalescence regime, we deposited 5 Å films of Cu, Au, Pd, Co, and Ni on Xe buffer layers with thickness ranging from 4 to 120 ML. After deposition, the samples were warmed at ␤ = 1.66 K min −1 . Analysis of results for Ͼ 10 ML indicates that the fraction of the surface covered by the islands was substantial, namely 0.12 for Au, 0.16 for Cu, 0.26 for Pd, 0.13 for Co, and 0.22 for Ni. The upper portion of Fig. 3 shows representative TEM micrographs after growth for buffer-layer thicknesses of 30-32 ML, as imaged on the a-C substrate. For Au the branches are well developed but not as extended as those for Pd, and the morphologies for Cu, Co, and Ni, are intermediate between these extremes. Thus, aggregation is greatest for Pd and least for Au, reflecting the different rates of island diffusion. Typical branch widths range from ϳ8 for Ni to ϳ11 nm for Cu, reflecting the different rates of coalescence characteristic for these materials. Silver was also studied, but the very low barrier for Ag atom self-diffusion allowed the islands to undergo significant shape changes at room temperature. The result was fragmentation of the branches and balling-up of the fragments.
The bottom of Fig. 3 shows the cluster density ͗n͘ for different Xe buffer layers for Au, Cu, Co, Ni, and Pd with straight lines that represent fits to the power-law decay. The slopes then emphasize the differences in the decay rates for the different metals. As observed previously for Au growth on Xe, Kr, and Ar, 10, 11 we see a power law dependence ͗n͘ ϰ y where y = −2.41± 0.09 (Au), −2.34± 0.14 (Cu), −3.12± 0.12 (Pd), −2.53± 0.14 (Co), and −3.52± 0.20 (Ni). These exponents reflect the different rates of increase of diffusivity with temperature and the different surface coverages characteristic for each metal, as discussed in the following.
The fact that the incomplete coalescence regime is characterized by a constant average island height 11 suggests that the theoretical formalism developed for two-dimensional diffusion-limited cluster-cluster aggregation (DLCCA) is suitable for its analysis. For instance, according to the analysis by Kolb, 18 the island density is expected to vary with time as
where z =−1/͑1+␣͒, and D S 0 is the diffusivity of a particle of area S 0 , assuming diffusivity of the form D͑S͒
where S is the area of the two-dimensional island. Note that the proportionality (6) is also valid for compact particles, as it follows from Eq. (2) with ␥ =2␣. Kolb's analysis was restricted to the dilute limit. Lach-hab et al. studied the effect of finite concentration on threedimensional colloid aggregation, assuming that the diffusivity varied with size S as D͑S͒ ϰ S −1/d , where the fractal dimension d increased with size. 19 They found that the power law exponent of growth of the weighted average cluster size increased significantly with the fraction of space occupied.
To determine the effects of surface coverage for our experiments, we therefore carried out Monte Carlo simulations of DLCCA in two dimensions with surface coverages, , between 0.01 and 0.35. The simulation space was a square lattice with periodic boundary conditions as depicted in Fig.  4(a) . At the beginning of each simulation, a predetermined number of cells were randomly occupied, with lone occupied cells or nearest-neighbor cells counting as single clusters. Subsequently, clusters were chosen at random to translate, as a whole, a unit step in a random direction [the arrow in Fig.  4(a) ]. The probability for a chosen cluster to move was 1 / N c , where N c is the number of the occupied cells forming the cluster. In this way, a cluster occupying a single cell had a diffusion length l (the length of a single cell) each time it is chosen to move. Larger clusters occupying N c cells had the same diffusion length but only after they had been chosen N c times on the average. This makes it possible to follow particle kinetics in which the diffusivity is inversely proportional to the area it covers. Each time a cluster was chosen to move, the system time was increased by 1 / N, where N was the total number of clusters at that time, regardless of whether the cluster was moved or not. This was done to ensure that every cluster was chosen on the average once per unit simulation time ⌬tЈ. The diffusivity of the clusters was therefore determined by D͑N c ͒ = l 2 / ͑4N c ⌬tЈ͒. When a cluster arrived at a cell that was adjacent to another cluster, the two were conjoined. The simulation was continued for a predetermined number of steps, or until only a single cluster remained.
Representative images of a portion of the simulation space at = 0.1 are shown in Fig. 4(b) . Comparison with the TEM images in Fig. 3 shows a good degree of morphological similarity. 20 The advance of aggregation at different moments in simulation time tЈ is evident, and the number of clusters asymptotically approached a power-law dependence on time N ϰ t z . Figure 4 (c) summarizes the results of a large number of simulations with coverages of 0.01-0.35 where the power z is plotted as a function of the fractional surface coverage. In the dilute limit, z = −0.5, in agreement with the theoretical estimate 18 for ␣ = 1. Significantly, z depends linearly on for ഛ 0.35, namely z = −0.5− ͑2.46± 0.03͒. This increase in the magnitude of z supports our earlier qualitative reasoning that the decay would be faster for ramified islands than for compact clusters because the former would have to travel shorter distances in order to aggregate. 11 Here, the numerical estimates of z and the prefactor made it possible to analyze quantitatively the density decay curves obtained from the BLAG experiments.
The ratio between the final density in two experiments, where only the buffer-layer thickness is different, follows from Eq. (6) where ͐ 0 t D 00 exp͓− d / ͑k␤tЈ͔͒dtЈ is substituted for D S 0 t, namely
where z = z͑͒ is the coverage-dependent rate of island den- sity decay. Therefore, d can be found using Eq. (7) once the dependence ͗n͑͒͘ is known, assuming that deduced from the TEM images is not significantly different from that during the aggregation events. Using the results summarized in Fig. 3 , we find that d = 0.46± 0.03 (Cu), 0.48± 0.02 (Pd), 0.53± 0.02 (Au), 0.54± 0.03 (Co), and 0.60± 0.04 eV (Ni).
The total diffusion coefficient for ramified islands can be deduced by comparing the results from experiment and simulation. In the simulation, a particle with a size of a single cell in the 2D lattice has a fixed diffusivity given by D = l 2 / ͑4⌬tЈ͒, where l is the unit cell size and ⌬tЈ is a unit simulation time, Fig. 4(a) . To deduce the experimental D, it is necessary to find the corresponding real world substitutes for the parameters l and ⌬tЈ. Since the typical width of an island branch in the simulation was l, a suitable real value for l is 10 nm, the characteristic branch width of our ramified islands. Assigning a value to the lattice cell size yields a real number for the density of islands at a given time tЈ. Therefore, the dependence of simulation time tЈ on the real time t can be found numerically by finding the simulation time tЈ that yields the same cluster density as the experiment does at time t. ⌬tЈ can then be substituted with ⌬tЈ = ͓dtЈ͑t͒ / dt͔⌬t, thus yielding the dependence D͑t͒, which is exponential since T increases linearly with t in the experiments. Table I summarizes the measured values of the effective activation energies for diffusion, d , which is independent of particle size.
11 Also shown is the diffusion prefactor D 00 [Eq. (1)]. Since D 00 depends on size, the numbers are given for a model particle of projected area of 100 nm 2 . This model particle is then much smaller than the experimental areas of the ramified islands measured after complete desorption. The prefactors for the ramified islands ranged from 3 ϫ 10 16 cm 2 s −1 for Cu to 3 ϫ 10 26 cm 2 s −1 for Ni. According to these numbers, a Au particle of 100 nm 2 projected area would have a total diffusivity of 1.6ϫ 10 −14 cm 2 s −1 after the desorption of the first 10 ML of Xe, as the sample is warmed at 1.66 K min −1 , using D 00 exp͑− d / kT͒ with T = 75.9 K. This diffusivity would increase several orders of magnitude to 3.7ϫ 10 −12 cm 2 s −1 after 60 ML desorption (where T = 81.2 K). A Pd island of the same area would have a diffusivity that would increase from 2.1ϫ 10 −13 to 2.8 ϫ 10 −11 cm 2 s −1 .
The value of d = 0.53 eV for ramified Au islands cited above is larger than the 0.29 eV measured for compact Au clusters in the preceding section. This conflicts with our model which suggests constant d [Eq. (1)], on the basis of the observation of a constant slope in the dependence ͗n͑͒͘ as in Fig. 3 . 11 There are two possible explanations. The first is that d does increase slightly with particle/buffer contact area (the contact area varies by as much as three orders of magnitude when compact islands are compared to ramified islands), but the changes in the slope of ͗n͑͒͘ are too small to be distinguished. If this is the case, the measured values for d should be regarded as average values. Alternatively, there might be a dependence of d on the particle morphology such that it is higher for ramified islands than for compact clusters. 21 In either case, the total diffusion coefficient ( Table I) for a Au particle of given projected area is higher when deduced from the aggregation of small compact clusters rather than from large ramified islands, and this should be expected to hold for all materials.
It is intriguing to compare the values for the activation energy for diffusion found so far with the binding energies of rare gas atoms on metal surfaces. Vidali et al. 22 report 0.214 eV for Xe on Au(111), 0.183 eV for Xe on Cu(111), and 0.356 eV for Xe on Pd(111), where the on-top adsorption sites are preferred. 23 The ratio of the values for Xe/ Au͑111͒ and Xe/ Cu͑111͒, 1.17, is very close to the ratio d Au / d Cu for ramified islands on solid Xe, namely 1.16. On the other hand, d found for Pd islands is lower than what would be expected from an equivalent scaling of the Xe/ Pd͑111͒ data. This suggests that the details of the lattice mismatch at the island/buffer interface may play a role in determining d , supplementing the single atom electronic interactions. In any case, it is fascinating that the diffusion barrier for such large ramified features is such a small number, amounting to only ϳ2.5 times the binding energy of a single Xe atom to Au and Cu and 1.4 times that to Pd.
D. Compensation effect
The pre-exponents for diffusion D 00 in Table I are extraordinarily large. 24 While an Arrhenius behavior, D 00 exp͑− d / kT͒, holds, cluster diffusion is very different TABLE I. Summary of the determined diffusion parameters for compact and ramified nanostructures on solid Xe. ͗S͘ is the average projected area of a particle in the experiment and d is the effective activation is size-independent (Ref. 11). D 00 is the prefactor for a model particle of 100 nm 2 projected area. Values for the diffusivity of such a model particle are given in the text for a specific temperature, corresponding to the desorption of part of the buffer layer. These energies and prefactors are plotted in Fig. 5 25 the cluster diffusion trajectory on an incommensurate surface does not reflect at all the potential corrugation. In addition, the manybody character of multiatom cluster motion is expected to contribute to the entropy of the process, thus increasing the prefactor. Insight into the microscopic origin of the large prefactors in nanostructure diffusion comes from Fig. 5 where we plot ln͑D 00 ͒ vs d for Ag, Cu, Pd, Au, Co, and Ni for model islands of 100 nm 2 projected area. The dashed line, which is a fit to the data, shows a remarkable exponential dependence over a range of 30 orders of magnitude. Such behavior, in which the prefactor in an Arrhenius relation A exp͑−E / kT͒ varies as
is known as the compensation effect or the Meyer-Neldel rule (MNR) and it is characterized by the Meyer-Neldel energy ͑E MN ͒. Yelon and Movaghar 26, 27 have argued that the compensation effect is to be expected whenever the activation energy for a process is large compared to the energy of the typical fluctuations in the system. In their work, they demonstrated that the number of ways these fluctuations can assemble to trigger such a process increases exponentially with the activation energy, in agreement with the MeyerNeldel rule. For nanostructures diffusing on solid Xe, the above condition is clearly satisfied since the Debye energy of solid Xe is only 5.5 meV and the deduced effective activation energies for nanoparticle diffusion are two orders of magnitude higher. Hence, we conclude that the compensation effect in nanostructure diffusion on Xe is a manifestation of the many-body nature of diffusion excitation by phonons. In more recent works, Yelon et al. 27 and Boisvert et al. 28 revisited a number of data from experiments and simulation for which the Meyer-Neldel rule is observed. They found that E MN is typically a few times the energy of the fluctuations in the system. The characteristic Meyer-Neldel energy follows from the slope of the dashed line in Fig. 5 , namely E MN = 6.9 meV. This energy is in fair agreement with the energy of the longitudinal-phonon maximum in the density of phonon states of solid Xe, namely 5.1 meV. 29 The total diffusivity of particles of the different metals studied here varies over an order of magnitude for a given size. It is a remarkable consequence of the compensation effect, however, that particles of different metals exhibit very similar diffusivities despite the significant differences in d . It will be of interest to determine at the atomic level the origins for the observed diffusive properties of these nanoscopic and mesoscopic particles on rare-gas solid surfaces.
IV. SUMMARY
We have determined for the first time values for the diffusion parameters of clusters and extended nanostructures on solid Xe where the diffusion is thermally activated. The values, obtained from a series of BLAG experimental results, were interpreted with the help of existing theories of clustercluster aggregation, and are summarized in Table I . For Ag clusters a few nm across, we find d = 0.12 eV and a preexponential factor that is comparable to the values observed in atomic diffusion on surfaces.
To interpret the data for ramified island aggregation, we carried out Monte Carlo simulation of diffusion-limited cluster-cluster aggregation in two dimensions and studied the changes in the parameters of growth as a function of the fraction of space occupied. These results showed that the magnitude of the exponent of growth increased linearly with surface coverage from its accepted theoretical value in the dilute limit.
For extended ramified islands covering 10 3 -10 5 nm 2 , we deduced activation energies in the range of 0.46-0.60 eV and gigantic prefactors ( Table I ). The latter are attributed to the many-body character of cluster/nanostructure diffusion. These diffusion parameters follow a Meyer-Neldel-type compensation rule with a characteristic Meyer-Neldel energy of 6.9 meV, comparable to the energy of the elementary phonon excitations in solid Xe. In view of previous observations of large pre-exponential factors, 24 we expect this to be a general characteristic of the activated processes at the mesoscale.
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